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Cytosolic sulfotransferases (SULTs) comp*e a family of enzymes that catalyze the transfer of a sulfonyl group
from 3'-phosphoadenosine 5'TPhosphosulfate to hydroxyl (i.e. 0-sulfation) oramino (i･e. N-sulfation) groups of
substrates･ SULTs modulate activities of a large array of small endogenousand foreign Chemicals, including drugs,
toxic compounds, steroid hormones and neurotransmitters. Because sulfonated molecules are highly hydrophilic and
easily excreted丘om the body, SULTs are thus oRen referred as defence enzymes for chemicals･ SULTs, however,
activate certain compounds in foods and the environments into their mutagenic and carcinogenic metabolites･ Now
SULTs areknOwn to constitute a gene superfamily, in which contains at least six different classes (i･e" SULT1-6
families in mammals) based on their identities of deduced amino acid sequences. Enzymatic properties of SULTs
have been investlgated, particularly withthose in SULTland SULr2 families･ Members of the SULTl family prefer
phenolic compound as substrates, whereas SULT2 family members catalyze sulfation of hydroxyl groups of steroid
alcohols. In the present study, several mouseand humanrecombinant SULTs have been preparedusing prokaryotic
expression system and used as a tool to investlgate the sulfation of endobioticand xenobiotic compounds to assess
the contribution ofa specific SULT form(S) to the reaction･
lChpter I] SULK-mediated formation of natriuretic substance, Ⅹanthurenic acid sulfate
Xanthurenic acid (XA) is a product upon tryptophan degradation via kynurenine pathway, which is the major
route of tryptophan catabolism. Recently XA sulfate has been isolated from human urine and reported to possess
natriuresis effects, In this chapter, I have investlgated the sulfation of XA occurnng ln mouse tissues to assess the
contribution of specific SULT(S) to the reaction. The sulfating activities of various mouse tissue cytosols (liver,
stomach, jejunum, colon,and kidney) of C57BL/6N mice were determined.Asthe results, allthe tissue cytosols of
both sexes of mice were capable of forming XA sulfate, with various Km values. Jejunum cytosol showed the low-
est Km value, and its Vmax/Km value was much greater than those of other tissues･ These indicated the most efhcient
catalysis for XA sulfation in jejunum. To clarifythe contribution of individual SULT form(S) to sulfoconjugation of
XA, the reactions were analyzed with mouse (m) recombinant enzymes. Because of the phenolic structure of XA,
the enzymes in SULTl family (phenoI SULT), namely, mSultlal, mSultlbl, mSultlc2 and mSultldl, were used･
The kinetic analyses showed that mSultlbl catalyzed the conjugation with the lowest Km value, which was com-
parable with that for jejunumcytosol. To verifythe substrate speciGcity, kinetic parameters were determined for
the mSultlb卜mediated su胞tions of 3-hydroxykynWenine (a precursor or XA), kynurenic acid (KYNA, another
tryptophan metabolite under kyTltuenine pathway),and other phenolic compounds, p-nitrophenol (クーNP), L-triio-
dothyronine and 3,4-dihydroxyphenylacetic acid. In spite of the highafnnitytoward XA, mSultlb 1 had very low or
no activitytoward these compounds, supporting the substrate preference of mSultlbl for XA･ To ascertain the tis-
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sue-specific expression ofmSultlbl , RT-PCR and immunoblot analysis were performed･ The results obtained con-
firmed the high expression of mSultlbl in small intestine･ Taken together, mSultlbl is suggested to bethe enzyme
responsible for XA sulfate formation in jejunum･ To assess the selectivityof XA as a chemical probe for SULTIB
members,the kineticanalyses for XA sulfation were performed withrecombinant rat Sultlbl and human (h) SULTs
(hSULTIAl, hSULTIA3, hSULTIBl and hSULTIC2). Similar to mSultlbl, both rSultlbland hSULTIBl medi-
ated XA sulfation efhciently･ The other human enzymes also mediated, but at much lower a銃nities for XA･ Thus,
xA is likely to be a common endogenous substrate for SULTI B members･
ln conclusion, I have demonstrated that XA sulfate formation may occur in various mouse tissues, with jejunum
enzymes showing the highest afhnity･ With recombinant SULTs･ XA has been found to be an excellent endogenous
substrate for the SULTIB subfamily･ Because XA sulfate has natriuretic activity in vivo, these results suggest a
possibility or these enzymes in sodium homeostasis in the body･
lchpter Ill Inhibitory effects of kynurenic acid, a tryptophn metabolite,仙d its derivaIives on cytosolic
stll fotramsfe ra島es
Asdemonstrated in Chapter I, XA is an excellent endogenous substrate for SULTIB members･ In contrast with
xA, KYNA was not a substrate of mSultlbl under the condition used･ This compound is another metabolite pro-
duced during the kynurenine pathway and has a similarstructure to XA, lacking an 8-hydroxy group･ These sug-
gest a possibility that KYNA is a competitive mSultlbl inhibitor per se･ In this chapter, 1 have investlgated the
in月uence ofKYNA and its derivatives on various mouse (mSultlal, mSultlbl, mSultlc2, mSultldl, mSult2al and
msult3al) and human (hSULTIAl, hSULTIA3, hSULTIBl, hSULTIC2, hSULTIEl and hSULT2Al) SULTs-
mediated sulfations of theirknown respective substrates･ All SULTs tested had no activlty toward KYNA under the
condition used･ Among the mouse enzymes examined, KYNA exhibited selective inhibitory effects on mSultlbl
with lC50 Values in a low micromolar range, whereas it showed no or little effect on other enzymesI In the case of
human enzymes, KYNA exhibited preferential inhibitory actlVlty toward both hSULTIAl and hSULTIBl to a
similar extent with IC5. Values of an order of magnitude greater than those for mSultlbl sulfations･ The inhibitory
profile of KYNA was distinct斤om those of 2,6-dichlor0-4-nitrophenol (DCNP), a non-Specific SULT inhibitor,
and mefenamic acid, the most potent known inhibitor ofhSULTI Al ･
KYNA has been reported as an endogenous glutamate antagonist in rodents and primates･ It has been used
as a lead compopnd forthe development of neuroprotective drugs･ I thus assessed the inhibitory effects of such
dmg available, namely 5,7-dichlorokynurenic acid (DCKYNA), L689,560 and gavestinel, on mouse and human
SULTIA and SULTI B enzymes･Asfor KYNA, no sulfate metabolites of these compounds were detected with such
enzymes underthe conditions used･ DCKYNA and L689,560 exhibited preferential inhibitory effects on hSULTIAl
and hSULT I B 1 respectively･ Interestingly, gavestinel was found to beanextremely potent inhibitor of hSULTIB 1 ,
as well as mSultlbl, with IC50 Values in a very low micromolar or submicromolar rahge･
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ln this chapter, I have also determined the mode of KYNA inhibition for the sulfoconJugation of XA and PINP
catalyzed by mSultlbl, hSULTIAl and hSUIJIBl ･ The results showed that the mechanism underlying the KYNA
inhibition varied depending on the enzyme and substrate involved･ The modes of KYNA inhibition of XA sulfation
mediated by those three enzymes were mixed competitive/non-competitive, while the different modes of inhibition
were observed for PINP sulfation. KYNA was a non-competitive inhibitor of the p-NP mediated by mSultlbl and
hSULT 1 B 1 , whereas it demonstrated uncompetitive ihhibition with hSULTI A 1.
In conclusion, I have demonstrated that KYNA is a bonajde inhibitor of SULTs. A couple of KYNA derivatives
are also found to exert the inhibitory activity toward SULTs･ Among them, gavestinel is a very effective inhibitor
for SULTIBl. Because SULTIB enzymes catalyze the sulfation of endogenous compounds such as thyroid hor-
mone and XA as well as xenobiotics, the administration of gavestinel and other KYNA derivatives may have conse-
quences of reduced detoxification of xenobiotics and impaired homeostasis of endogenous compounds through the
modulation of SULT activities in vivo.
(Chapter IH) SUIJ2Al mediates N-Sulfoconjugation of quinolone drugs in humans
Several amines have been long found to be excreted as sulfamates in the urine of mammals･ Previously my
laboratory reported the purification and molecular cloning Of rabbit SULT preferentially catalyzlng the sulfation of
amine compounds･ This enzyme was found to constitute a SULT gene family distinct from SULTl and SULT2, and
thus termed SUIJ3Al. Similar to rabbit SULT3Al, mSult3al and mSult3a2 have been recently reported to be ca-
pable of sulfating amino groups of substrates･ Thus enzymatic properties of SULT3A family members are consistent
among animal species･ Like other mammals, N-sulfoconjugation is a common metabolic pathway ofamine com-
pounds in vivo in humans･ Several qulnOlones with amino group have been reported to be metabolized mainly by
N-sulfation. Human, however, has no SULT3 family of the enzyme, and there is no information on the role of spe-
cific human SUIJ(S) in the sulfation of theseantibacterial drugs. In this chapter, I have investigated the N-sulfation
of several qulnOlones, including cIPrOnOXaCin, moxinoxacin and garenoxacin, to assess the contribution of specific
human SULr(S) to the reaction. Besides these quinolones, other amine dmgs, desipramine and metoclopramide,
havealso been studied. These drugs were previously reported to be metabolized to NISulfoconJugateS in human･
First, N-sulfating activities of human SULTs including hSULTIAl, hSULTIA3, hSULTIBl, hSULTIC2,
hSUIJIEl and hSUTL2Al toward qulnOlones and other amine drugs were detemined･ Among the enzymes in-
vestlgated, only hSULT2Al exhibited N-sulfoconJugation activities toward all of the substrates tested, whereas
other SULTs showed no detectable activities under the condition used exceptthe noticeable activlty Of hSULTIAl
for garenoxacin sulfation. The kinetic parameters for the hSULT2Al - and human liver cytosols- (HLCs, n=3) me-
diated N-sulfation of the amine drugs werethen determined･ Kineticanalyses demonstratedthat HLC-mediated
N-sulfations were monophasic for all of the substrates examined, suggestlngthat a slngle SULT is responsible for
each reaction, and that apparent Km values were comparable tothose mediated by hSUIJ2Al ･ These data indicate
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that hSULT2Al is mainly responsible for the N-sulfoconJugation of amine-containing drugs in human livers･ To
confirm the contribution of hSULT2A 1 for N-sulfation, correlation analyses were performed between N-sulfating
activities toward amine dmgs and (フーSu肋ting activity toward dehydroepiandrosterone (DHEA), a hSULT2AI
probe substrate, with HLCs (n-6). The results showed clear correlation between 0-sulfating activitytoward DHEA
and N-sulfating activlty tO each amine drug. Thus, the results from kinetic assays and correlation analyses, together
with substantial expression of hSULT2Al in human livers, unequlVOCally show that hSUIJ2Al is the enzyme re-
sponsible forthe N-sulfoconJugation of qulnOlones and other amine drugs in human liver.
In conclusion, N-sulfations of qulnOlones and other amine-Containing therapeutic drugs are mediated by
hSULT2Al in humans, which lack SULT3A sub family enzyme. Given that hSULT2AI catalyzes 0-sulfation of
numbers of drugs and environmental chemicals, the enzyme plays an essential role in the protection of human body
from various types of xenobiotics.
rSummary)
In the present study, taking the advantage of bacterially-expressed recombinant SULTs, the sulfations of en-
dobiotic and xenobiotic compounds have been investigated. The results obtained unveil a novel function of spe-
cific SULT form(S). SULTIB enzymes have been demonstrated to be major enzyme involved in the formation of
the natriuretic substance, XA sulfate, implying a possible role of this subfamily enzyme in sodium homeostasis
in the body (Chapter I). The results have also provided an insight into thefunctional role of the less characterized
SULTIC2 enzyme for catalyzlng Sulfation reaction of endogenously produced XA. Moreover, an essentialfunc-
tion of SULT2Al for detoxification of xenobiotics has been uncovered, demonstrating Its role in the metabolism of
amine-containing therapeutic血ugs in humans (Chapter HI).
Using recombinant SULTs for identification of specific SULT-form(S) for sulfation of interest alsogives a better
understanding about the possible interactions of drug-drug and/or drug-endobiotic associated with SULTs. Con-
sequently, undesirable interactions (e.g. insufhcient therapeutic efncacy and adverse side effects) can be avoided･
In fact, the present results on hSULT2Al illustrate this polnt. The co-administration of amine drugs afld other
hSULT2A卜targeted dmgs may result in undesirable drug-dmg Interactions. In the similar way, hSUIJ2A l一me-
diated endobiotic su脆tion processes may also be disturbed when the considerable amount of hSULT2AI substrate
dmgs is administered.
The similarityand/or difference of SULTsamong species in the substrate specificityand susceptibilityto inl1ibi-
tors have also been revealed in this study (Chapter 1 and II). XA is fわund to be an excellent endogenous substrate
for SULTIB enzyme of human, rat as well as mouse. Onthe other hand, species differences in the susceptibility to
the novel SULT inhibitor, KYNA, have been observed. KYNA exhibited considerable inhibitory activities toward
hSULTIAl, while it exerted no or little activity toward mSultlal. These results indicate the necessarily of careful
extrapolation of animal data to humanOn the data of sulfoconJugation metabolism because of the species difference
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of SULT entities.
In summary, clearinformation on the sulfation of interest will beundoubtedly obtained bythe use ofrecombinant
SULT enzymes, includingthe identification of a specific SULT form(S) for the sulfation･ This also helps us to better
understand the function and characteristics ofl SULT forms, including lnterSpeCies differences and/or similarities of
sULTs. Moreover,the interactions of drug-drug and/or drug-endobiotic may be predicted･
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審査結果の要　旨
Sulfate conjugation mediated by cytosolic sulfotransferases (SULTs) is a key metabolic pathway for numbers
of xenobiotics and several endogenous compoundsI SULTs transfer a sulfonyl group from 3 '-phosphoadenosine
5'-phosphosulfate to hydroxyl (i.e. 0-sulfation) or amine (i.e. N-sulfation) groups of those acceptor substrates･
Sulfation of endogenic and xenobiotic compounds was investlgated, focuslng On the compoundswith qulnOline
structures, to assess the contribution of specific SULTs to the reaction uslng an array Of recombinant SULTsI First,
the sulfation of xanthurenic acid (XA), a product upon tryptophan degradation, to form natriuretic XA sulfate,
has been investigated. Cytosols from mouse tissues (liver, stomach, jejunum, colon, and kidney) Were capable of
forming XA sulfate, with various Km valuesJejunum cytosol exhibited the lowest Km value･ The kinetic analyses
with recombinant mouse (m) Sults showed the lowest Km value for mSultlbl, which was comparable withthat for
JeJunum CytOSOl. The high expression ofmSultlbl in small intestine was confirmed at the mRNA and protein levels･
mSultlbl is thussuggested as a major enzyme responsible for XA sulfation in jejunum. Human (h) SULTIBl and
rat Sultlbl also mediated XA sulfation efnciently. Thus, XA is likely to be an endogenous substrate for SULTIB
members. ln contrast to XA, kynurenic acid (KYNA), another tryptophan metabolite having antagonistic effects
onglutamate receptors, is a bonafde inhibitor of SULTsI It selectively inhibited mSultlbl activityamong mouse
enzymes with the IC50 Values in a low micromolar range, while it inhibited both hSUIJIAl and hSULTIBl among
the human enzymes tested. Some of KYNA derivatives such as dichlorokynurenic acid and gavestinel also exhibited
inhibitory effects on hSULTIAl and hSULTIBl , With gavestinel being an extremely potent inhibitor ofhSULTIBL
The mechanism underlylng the KYNA inhibition varied depending on the enzyme and substrate involved･ Taken
together, the results unveil another distinct aspect of KYNA and its derivatives as SULT inhibitor. Besides
0-sulfation of XA, NISulfation of amine-containing drugs, including clprOnOXaCin, moxifloxacin, garenoxacin,
desipramine and metoclopramide, wasalSo investlgated using reCOmbinant human SULTs and human liver cytosols
(HLCs). Among the enzymes examined, only hSULT2Al exhibitedルーsulfbcoIわugation activities toward all the
drugs tested･ Kinetic analyses demonstrated that HLC-mediated N-sulfations were monophasic for all gubstrates
examined with apparent Km values comparable to those mediated by hSULT2Al , The sulfating activities of HLCs
toward the amines were well correlated with those for 0-sulfation of dehydroepiandrosterone, a hSULT2AI
probe substrate. Thus, the results unequivocally demonstrate that hSULT2Al is responsible for the NISulfation
of qulnOIones and possibly other therapeutic drugs in humans･ In summary, clear information on the sulfation of
specific interest will be undoubtedly obtained by the use of recombinant SULT enzymes, including the identification
of a specific SULT form(S) for the sulfation. This also helps us to better understand the function and properties of
SULT form(S) as well as inter-species differences and/or similarities of SULTs･ Moreover, the interactions of drug-
drug and/or drug-endobiotic may be anticIPated･
This studyfu1fils the requirements and is thus granted as a doctor thesis.
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